Understanding water temperature variation in regulated rivers and reservoirs becomes increasingly important as the environment and ecosystem are approaching their thermal limits. In this paper, a multi-model approach is used to quantitatively access the spatio-temporal change in thermal structures of the Danjiangkou reservoir and its downstream river. The area is subject to thermal and hydrological alterations due to three large water diversion projects and related auxiliary projects, including a project to heighten the Danjiangkou dam and two small downstream reservoirs. It is found that the Danjiangkou dam heightening project alters water temperature seasonally, increasing it in winter and decreasing it in summer; while the three large water diversion projects and the two small downstream reservoirs mitigate the effect. Water temperature change in the downstream river is also studied from the aspects of release temperature and release discharge of the Danjiangkou reservoir. The former mainly changes the water temperature near the dam, while the latter affects the recovery rate and the recuperation distance. Ecological impact of the water temperature change is discussed based on the spawning of fish, indicating that the spawning periods may lag behind and the optimal spawning locations may move downstream.
INTRODUCTION
Water temperature is one of the most significant physical variables of water bodies affecting most water quality charac- (Smith ; Preece & Jones ) . Hence, much attention has been paid to the influence of these projects on the water temperature distribution in reservoirs and the thermal regime in rivers (Webb & Walling ; evaluate and predict their effects on thermal regimes of water bodies. Many studies have discussed the water temperature variation of the downstream river caused by relevant projects with a reservoir from the aspects of either the release temperature or the release discharge. If thermal stratification occurs, water from deep-release reservoirs cools the river in summer and warms it in winter (Null et al. ) . In addition, different operations of reservoirs can alter water temperature regimes because they change the release discharge and then affect thermal inertia in the river (Carron & Rajaram ; Meier et al. ; Khangaonkar & Yang ) . However, these studies focused only on the direct effect due to these projects and ignored the indirect effect due to the thermal structure variation of the reservoirs. For example, when the influence on downstream river temperature by water diversion projects from the reservoirs is analyzed, it is often the effect of reduction in discharge (direct effect) that is considered. In fact, reducing discharge may change the thermal structure in the reservoir, affecting the release temperature and impacting the thermal regimes of the receiving rivers and streams (indirect effect).
Therefore, both the water temperature structure in the reservoir and its downstream rivers should be studied to obtain a comprehensive and reasonable evaluation of the water temperature change in the river.
To quantify water temperature alterations caused by water conservancy projects, previous studies often used the concept of recuperation distance, which represents the distance needed to recover to natural state (Herb & Stefan ; Prats et al. ) . In fact, recuperation distance is usually obtained based on some assumptions and simplifications, and cannot represent the real situation. In the study, recuperation distance is calculated based on the assumption that when the influence of release temperature from a reservoir on the stream temperature downstream is less than or equal to 5%, the river reaches its natural state. The advantage of the approach is that the calculation is simple as the stream temperature does not need to be obtained first.
Simulation and forecasting water temperature would substantially enhance analyzing the ecological impact of water conservancy projects. Previous studies have suggested that water temperature change will influence fish habitats in the river (Preece & Jones ; Bartholow et al. ) and agricultural activities in surrounding regions due to cool water release from deep reservoirs (Yang et al. ) . Some indexes are used in these studies to assess whether the change is biologically critical. For example, Bartholow et al. () used indexes including temperature degreedays, annual exposure, and macro-habitat suitability as relative guidelines to reveal biologically relevant differences between scenarios. As well, spawning opportunities index, which is the ratio of the time of water temperature above the minimum water temperature requirement for spawning against the whole spawning period, was applied to qualitatively evaluate Keepit Dam's ecological influence (Preece & Jones ) . In this study, two indexes, including spawning opportunities index and the time to reach the minimum threshold for spawning are used to assess the possible ecological impact as they can judge spatial and temporal effects of the water temperature variation, respectively.
Danjiangkou reservoir and its downstream river is a typical system subject to multi-source thermal disturbances, including three large water diversion projects and related auxiliary pro- 
DATA AND METHODS

Study area
The study area includes Danjiangkou reservoir and its downstream river (Figure 1) (Shi & Huang ) . As water temperature variation due to these conservancy projects has affected fish habitats in the study reach, these fish can be used as a marker of ecological impact in the study.
Data source
For the study, topographical, reservoir operation, hydrologi- 
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In Equation (1), on the left-hand side, the first term is local acceleration term and the last three terms are the advective transport terms; on the right-hand side, the first three terms account for the diffusive transport and the last term represents the kinetic processes and external loads for each of the state variables. The kinetic equation is 
where Φ is the net surface heat flux; Φ I is the solar shortwave radiation; Φ B is the net longwave radiation; Φ c is the convective heat flux; L is the latent heat of evaporation; Φ e is the evaporation heat flux; I is the downward flux of solar radiation at the water surface (W m À2 ); F is a distribution fraction between 0 and 1, for thermal processes, which is determined by model calibration in the EFDC model; SF and SS are fast and slow scale attenuation coefficients (m À1 ), respectively; at the bottom, z ¼ 0, and free surface,
; T s and T a are the water surface and air temperatures ( W C), respectively; e a is the vapor pressure (mb); B c is an empirical constant equal to 0.8; C c is the fractional cloud cover; ρ a is the air density
; c e and c h are dimensionless evaporation and convective transfer coefficient on the order of 10 À3 in magnitude, respectively; U w and V w are the components of the wind velocity at 10.0 m above the water surface; e ss and e sa are the saturation vapor pressures (mb) corresponding to the water surface and air temperatures, respectively; R h is the fractional relative humidity; p a is the surface air pressure (mb); and c p is the specific heat capacity (1.005 × 
where T is water temperature ( 
where T e is equilibrium temperature ( W C), defined as the water temperature at which the net rate of heat exchange at the water body interface is 0. K e is an overall heat exchange coefficient (W m À2 W C À1 ) related to air temperature, wind speed, and relative humidity. Substituting H f from Equation (8) into Equation (7) and solving the differential equation gives an equation for stream temperature:
where T 0 is the temperature at the upstream boundary ( W C).
Many previous studies to model river water temperature using the equilibrium temperature concept have considered K e as a constant, yielding satisfactory model performance (Marće & Armengol 2008; Bustillo et al. ) . Therefore, we also considered K e as a single-valued adjustable parameter in this study. By contrast, T e cannot be considered as a constant, so we calculated T e based on the linear relationship between equilibrium and air temperature (T a ) (Caissie et al. ) :
where a e and b e are regression coefficient parameters between T e and T a . 
Numerical grid
In the study, the EFDC model uses the horizontally curvilinear orthogonal grid. Grid sensitivity analysis indicates that model performance is better with finer grid. However, this would inevitably result in more computational cost.
As a trade-off between the accuracy and efficiency, the grid map in Figure 5 is selected. It consists of 1,500 cells horizontally, with the cell size ranging from 0.2 to 1.7 km.
Furthermore, 40 layers are considered vertically.
Model initialization
The 
Model calibration and validation
The EFDC model parameters, mainly for thermal processes were calibrated by field data of water temperature collected from the Danjiangkou reservoir during three hydrological years, a wet year (04/1974-03/1975) , a normal year (04/1970-03/1971) , and a dry year (04/1977-03/1978) .
Water temperature measurements were compared with the simulated values at the corresponding vertical layer.
Hydrological guarantee rate of the flow for the three hydrological years were P ¼ 25%, P ¼ 50%, and P ¼ 75%, respectively. A comparison of the meteorological conditions is shown in Figure 7 . The intra-annual variation patterns of the precipitation and air temperature were similar, with heavier rain and higher temperature in summer than in winter. Model performance was assessed with mean signed error (MSE), mean absolute error (MAE), and root mean square error (RMSE): where P i and Q i are predicted and observed values of water temperature at the Danjiangkou reservoir and its downstream river, and n is the number of observations.
Scale factor and recuperation distance
Equation (9) can be expressed as:
with
where C x is the scale factor which reflects the influence of T 0
and T e on stream water temperature.
Equation (14) For a smaller C x , the influence of T e is much larger according to Equation (14), which indicates that it is much easier to reach natural state at a given position (x). Therefore, C x can be regarded as an indicator of recovery rate at this position, and for a given river reach, ∑C x /x can be regarded as an indicator of its recovery rate. From Equation (15), it is seen that C x is related to distance (x), depth (D), area (A), and discharge (Q). For a given river morphology, D, A, and Q are related and can be converted to each other. Therefore, A/DQ can be assumed as 1/Dv, where v is velocity. This indicates that a change of river discharge will affect C x at a given position and then influence the recovery rate of the stream temperature.
As C x can reflect the influence of river discharge on recovery rate, it can also be used to calculate the recuperation distance. We assume that the recuperation distance is the distance that reduces the influence of release temperature to less than or equal to 5% (i.e., C x 5%). The differences between T 0 and T e are less than 12 W C across the different simulation scenarios, and then the temperature variations outside the recuperation distance are less than 0.6 W C, which reflects a similar effect to Prats et al.'s () definition.
Ecological impact assessment method
In this study, fish are used as a marker of the ecological impact due to water temperature variations. where T w is the duration of the whole spawning period and T a is the duration of stream temperature above the minimum water temperature requirement for spawning.
RESULTS
Model performance
Figure 8 compares model results against temperature measurements and Table 4 shows the number of observations (n) of the Danjiangkou reservoir and the error statistics during the calibration and validation periods. 
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W C isotherms in the thermocline are higher at S3 and S4 than S2, which will affect the release temperature, as the first two isotherms are located within the hydropower intake.
Reservoir release temperature variation
Figure 11(a) shows the release temperature variation, including hydropower intake temperature and surface temperature, at S1 across three hydrological years. Temperature variations at surface layer are similar in the different hydrological years, and all follow the change of air temperature, which rises from April, reaches a maximum in August, and then falls. This indicates that the surface temperature is mainly affected by the meteorological conditions. Intraannual temperature variation in hydropower intake lags behind the surface temperature, and the maximum temperature appears in September, except in the dry year.
The temperatures in hydropower intake are lower than the surface for thermal stratification between May and Overall, the difference in the release temperature is not significant for different hydrological conditions, which demonstrates that the effect of the hydrological conditions on the release temperature is limited. Therefore, the following analysis is mainly based on the normal year.
Stream temperature variation
Figure 12(a) shows the stream temperature change at S1.
The warm period (above 28 W C) is mainly in the summer (June to August), and the cold period (below 6 W C) is mainly in the winter (December to February), which is similar to the variation of air temperature. Downstream from the Danjiangkou dam, water temperature tends to gradually recover to its natural state. The temperature changes at S2 are presented in Figure 12 (b). The release temperatures of the Danjiangkou dam are lower in summer and higher in winter relative to S1. The high temperature period is confined to between July and August, which is shorter than S1
(June to August). The distance of the reaches with high temperature is approximately 400 km, which is also less than S1 (about 470 km). Figure 12 (c) demonstrates temperature variations at S3. The distances of river channel with high and low temperatures are much longer than S2, by 60 km and 80 km, respectively. This is because the release discharge is decreased by the water diversion projects, about 345 m 3 s À1 , which will reduce thermal inertia and increase the recovery rate of water temperature. As well, the 'temperature valley' in July (about 100-350 km) is related to a high volume and slow recovery rate. At S4, the temperature increases about 0.5 W C in summer and decreases about 0.3 W C in winter in Cuijiaying reservoir from 102 to 134 km, compared to S3 (Figure 12(d) ). This is because the river has a slower velocity there and longer exposure to atmospheric conditions. The study suggests that these projects will alter the thermal regime of the river in both space and time. 1975-03/1976 04/1973-03/1974 04/1978-03/1979 dam to Cuijiaying dam). Further at S3, the release temperature decreases by 1.4 W C compared with S2, and the recovery rate increases to 0.049 W C km À1 . This increase in the recovery rate results from the reduced flows -1,240 at S1, 954 at S2, and 608 m 3 s À1 at S3 -indicating that less water needs to be heated. Finally, considering the 
DISCUSSION
This section first discusses how the release discharge and release temperature in the Danjiangkou reservoir affects the thermal regime in the downstream river. Herein, the effect of the release discharge is analyzed through a scale factor, which can reflect the change of the recovery rate and then can be applied to calculate the recuperation distance for the dam. Thereafter, the impact of the large water diversion projects on the release discharge and release temperature is investigated. Finally, ecological impact of water temperature change is studied based on fish spawning.
Scale factor and the release discharge This suggests that the effect of human disturbance shown in that a reduction in river discharge will decrease C x value, weaken the human influence, improve recovery rate, and reduce the recuperation distance. In turn, it also indicates that the recuperation distance in the study can be used to quantitatively compare water temperature variations due to the change of the release discharge. From the aspect of the whole year, the recuperation distances of the three scenarios are 616 km, 758 km, and 578 km, respectively, in summer and 597 km, 500 km, and 314 km, respectively, in winter,
showing that the recuperation distance reduces 38 km in summer and 283 km in winter due to the Danjiangkou dam heightening project and large water diversion projects.
The release temperature
In addition to the release discharge, the water temperature in the downstream river is influenced by the release temperature. The temperature change caused by the release temperature is C x △T 0 (Equation (14)), where △T 0 is the variation of the release temperature. Figure 15 shows the longitudinal stream temperature profile pre-and post-dam heightening in August with a constant release discharge and variable release temperature. In the Wangfuzhou and Cuijiaying dams, the temperatures decrease by about 3.5 and 2.2 W C with a reduction of the release temperature by 4 W C from the Danjiangkou dam. As C x reduces longitudinally, the influence of the release temperature also weakens along the river, which indicates that the release temperature mainly affects the area near the dam. As well, the recovery rate of the river reach from Danjiangkou dam to Cuijiaying dam rises from 0.015 to 0.029 W C km À1 due to decreasing release temperature.
The large water diversion projects
In the study, the impacts of large water diversion projects are considered from two aspects. On the one hand, the projects reduce release discharge, weaken thermal intra, improve recovery rate, and then increase water temperature variability. For example, the intra-annual temperature range of the river reach from 180 to 250 km widens from around 6.3-25.5 to 5.2-26.5 W C. On the other hand, they change thermal structure, reduce release temperature in the reservoir, and decrease water temperature in the downstream river in summer. Longitudinal stream temperature profile at S2 0 in Figure 16 is calculated based on the release temperature at S3 and release discharge at S2 in August. The difference between S2 and S2 0 can reflect the influence of the release temperature change. At S2 0 , release temperature decreases by 1.4 W C due to the large water diversion projects, which reduces the temperature at least 0.7 W C near the dam (C x 50%) relative to S2. However, the maximum difference of temperature between S3 and S2 in this area is about 1.4 W C, which suggests that the effect due to the change of release temperature cannot be ignored when analyzing the influence of water diversion projects.
Ecological impact
Herein, the spawning of four major Chinese carp species is used as a marker of ecological impact. A qualitative assessment of spawning opportunities was made by comparison of the water temperature against the minimum threshold during the spawning period (Preece & Jones ; Figure 17 ).
The spawning opportunities index and the time to reach the threshold at S1 versus S4 at different locations are shown in Table 6 . For all the reaches in the mid-Han River, the time to reach the minimum threshold at S4 shows a lag relative to S1, e.g., about 1.87 months at the Huangjiagang station. that focus only on the discharge variation in water diversion, this study also considers the change of the thermal structure and the release temperature in the reservoir. As the influence of the release temperature is very obvious near the dam, it cannot be ignored in analysis of the effect of water diversion projects on the thermal regime of the downstream river.
The projects may have an adverse impact on the ecological environment as they alter the water temperature in the downstream river. The spawning periods for four major Chinese carp species may lag behind as the time to reach the minimum threshold shows a lag relative to the natural condition. Furthermore, the optimal spawning sites may move down along the river as the spawning opportunities of fish are higher when the distance from the Danjiangkou dam is greater. Therefore, some remedial work in the area should be carried out based on the finding of this study in order to weaken the adverse ecological impact. 
